The anaerobic-anoxic sequence batch reactor (A 2 SBR) was applied to achieve nitrogen and phosphorus removal in an energy-saving sewage treatment system involving an up-flow anaerobic sludge blanket combined with a down-flow hanging sponge reactor to treat municipal sewage. After sludge acclimation, the A 2 SBR showed satisfactory denitrification and phosphorus removal performance with total phosphate and nitrate concentrations of the effluent of 8.4 ± 3.4 mg-N L -1 and 0.9 ± 0.6 mg-P L -1 , respectively. 16S rRNA gene sequence and fluorescence in situ hybridization analyses revealed that 'Candidatus Accumulibacter phosphatis' was the dominant phosphateaccumulating micro-organism. Although a competitive bacterium for polyphosphate-accumulating organisms, 'Ca. Competibacter phosphatis', was not detected, Dechloromonas spp. were abundant.
INTRODUCTION
To date, several types of novel wastewater treatment technologies have been developed to reduce energy input and excess sludge production in a cost-effective and appropriate manner. One of the energy-efficient and low-cost sewage treatment systems involves the combination of an up-flow anaerobic sludge blanket (UASB) method and a down-flow hanging sponge (DHS) method. The system has excellent capability for removing organic matter and shows high-performance nitrification ability for use in a sewage treatment system (Onodera et al. ) . The system does not require aeration, and thus consumes less energy while occupying less space compared to conventional methods. In addition, DHS reactors can hold a large amount of sludge, resulting in a low-food micro-organisms ratio and longer sludge retention time, and has the capacity for holding a high density and diversity of microfauna, resulting in minimizing the generation of excess sludge (Onodera et al. ) . However, the system does not currently have a treatment mechanism for the removal of nutrient salts from sewage, highlighting the need to construct a system with advanced treatment capability.
Nutrient salts of phosphorus and nitrogen produced from industrial wastewater and sewage are one of the main causes of water pollution in enclosed water areas such as lakes. Some of the most common methods of nutrient salt removal from sewage using biological means are enhanced biological phosphorus removal (EBPR), including the use of polyphosphate-accumulating organisms (PAOs) and denitrifying bacteria, and an anaerobic, anoxic, and oxic method in which nitrogen and phosphorus are removed simultaneously. Denitrifying PAOs (DPAOs) use nitrate or nitrite instead of oxygen as electron acceptors, thereby performing phosphorus removal and denitrification simultaneously (Kerrn-Jespersen & Henze ; Kuba et al. ). The process is advantageous in comparison with conventional EBPR methods; simultaneous denitrification and phosphorus removal could lead to considerable savings in aeration energy, lower sludge production, and reduce the amount of carbon sources needed for denitrification (Kuba et al. ) .
Since, the UASB-DHS system has high nitrification performance, the combination of the UASB-DHS system and biological nutrient removal using DPAOs is suitable for achieving complete sewage treatment. Therefore, our research group has developed and installed an anaerobic and anoxic sequencing batch reactor (A 2 SBR) at the latter stage of the UASB-DHS system, because DPAOs require a cycle of anaerobic and anoxic conditions for efficient phosphorus uptake and denitrification (Maharjan et al. ) . To date, the microbial community structure of the denitrifying phosphorus removal process adapted for the UASB-DHS system has not yet been studied, and is therefore not well understood. To our knowledge, this is the first report on the microbial community composition of a nutrient removal reactor adapted to the UASB-DHS system that has been used for sewage treatment. In this study, the bacterial community structure of A 2 SBR was investigated using a suite of molecular techniques targeting 16S rRNA and ppk1 genes.
MATERIALS AND METHODS
Configuration and operational conditions of the sewage treatment system An A 2 SBR was placed at the latter stage of the UASB-DHS system and advanced treatment of DHS-treated water was performed. The UASB-DHS sewage treatment system is a combination of a 4.7 m high and 1,178 L capacity UASB reactor with a 4.7 m high and 454 L total sponge volume DHS reactor. Sewage that passed through a screen and was temporarily retained in the feeding tank was supplied as an influent to the UASB-DHS system. The system was placed under ambient temperature conditions at a municipal sewage treatment plant in Nagaoka, Japan. The hydraulic retention time for UASB and DHS was 8 hours and 6 hours, respectively. Details of the process configuration were previously described (Onodera et al. ) .
The A 2 SBR was 0.9 m high with a diameter of 0.6 m and a working volume of 50-100 L (Figure 1) . A part of the DHS-treated water was used as the A 2 SBR influent to evaluate the effects on advanced treatment. An oxygen-free environment was maintained in the A 2 SBR tank. One cycle of A 2 SBR was 360 min, consisting of a 90 min period of anaerobic conditions followed by a 270 min period of anoxic conditions. A sodium acetate solution (at a chemical oxygen demand (COD)/P ratio against an inflow of phosphorus concentration of 25 g-COD/g-P) was added as a source of carbon at the beginning of the anaerobic phase cycle (0 min), and an anaerobic environment was created. DHS-treated water (50 L), which contained nitrate, was fed into the A 2 SBR at the 90th minute, creating an anoxic environment in the tank. Stirring was stopped at the 290th minute to settle the sludge, and 50 L of separated supernatant was drained at the 350-360th minutes. A conventional-activated sludge was used as the inoculum and the sludge concentration was maintained at around 2,000 mg L -1 of total suspended solid during the experimental period. The pH inside the A 2 SBR tank was adjusted to 7.4 ± 0.3 by controlling the pH of the sodium acetate solution, which was used as the carbon source mentioned above.
Sampling and water quality analysis method
The sewage, UASB effluent and DHS effluent were collected by grab sampling. Treated water that was discharged at the 350th minute of the operational cycle of the A 2 SBR was analyzed as an effluent. The COD, total Kjeldahl nitrogen (TKN), and total phosphorus (TP) were determined using a water quality analyzer (DR-2800, HACH). Ammonium, nitrate, nitrite, phosphate, and sulfate concentrations were analyzed using HPLC (LC-20-ADsp, Shimadzu). Other parameters were determined by standard methods (APHA ). A phosphate uptake rate activity test under aerobic and anoxic conditions was conducted acceding to a previously described method (Shoji et al. ) .
Fluorescence in situ hybridization (FISH) method
The 16S rRNA-targeted oligonucleotide probes used in this study were EUBmix probe for bacteria (Amnan et al. ; Daims et al. ), PAOmix probe for most 'Candidatus Accumulibacter phosphatis' (Crocetti et al. ) , and GAOmix probe for 'Candidatus Competibacter phosphatis' (Crocetti et al. ) . The PAO fraction was calculated by dividing the number of bacteria observed by EUB338 mix probe fluorescence from that observed by PAO mix probe fluorescence. The number of bacteria observed by the EUB338 mix probe was determined by observations of at least 1,000 cells.
16S rRNA and ppk1 gene-based microbial community analysis DNA was extracted from the sludge samples using the Fas-tDNA SPIN kit for soil (MP Biomedicals, Irvine, CA, USA), as described in the manufacturer's instructions. Polymerase chain reaction (PCR) amplification of the 16S rRNA gene from extracted DNA was carried out according to methods described by Caporaso et al. () , by using the primers 515F and 806R. The sequencing was conducted using a MiSeq sequencer (Illumina San Diego, CA, USA). The sequencing data of the 16S rRNA gene were analyzed using QIIME software (Caporaso et al. ) . Operational taxonomic units (OTUs) were picked at 97% sequence identity. Taxonomies were assigned using BLAST based on the greengenes database gg_13_5. PCR amplification of the ppk1 gene was carried out with Accumulibacter ppk1 specific primers of ACCppk-254F and ACCppk-1376R (McMahon et al. ). Clone libraries were constructed based on previously described methods (Hatamoto et al. ) . The ppk1 gene sequence data obtained in this study were deposited in the GenBank/EMBL/DDBJ databases under accession numbers AB968110 to AB968191.
RESULTS AND DISCUSSION
A 2 SBR treatment performance
The A 2 SBR was seeded with conventional-activated sludge and started up. The first 85 days from the start of operation were designated as the start-up period, in which the metabolism of DPAOs such as carbon source uptake under anaerobic conditions and storage of phosphorus and denitrification under anoxic conditions was not stabilized. Performance of each treatment unit from day 86 to day 244 is summarized in Table 1 , and TP and nitrate removal rates are shown in Figure 2 . The TP concentration in the inflow sewage was 4.0 ± 0.5 mg-P L -1 , and the concentration in DHS-treated water was 3.9 ± 0.5 mg-P L -1 , which indicated that phosphorus was barely removed by the UASB þ DHS system. On the other hand, the TP concentration in A 2 SBR-treated water was 0.9 ± 0.6 mg-P L -1 , and the efficiency of phosphorus removal was 77%. The total nitrogen concentration in inflow sewage was 38 ± 23 mg-N L -1 , while the concentrations in UASB-and DHStreated water samples were 31 ± 10 mg-N L -1 and 22 ± 8 mg-N L -1 , respectively. The nitrate concentration in UASB-treated water was 0.1 mg-N L -1 , while the concentration in DHS-treated water was 20 mg-N L -1 , which confirmed the occurrence of nitrification. Denitrification occurred inside the DHS as well, since the total nitrogen concentration in DHS-treated water was about 30% lower than that in UASB-treated water. Nitrate and total nitrogen concentrations in the A 2 SBR were 4.4 ± 3.3 and 8.4 ± 3.4 mg-N L -1 , respectively. The nitrate removal efficiency by A 2 SBR was 78 ± 13%, and the total nitrogen removal rate was 74 ± 12% across the entire system. By using the A 2 SBR, TP, and nitrogen concentrations were reduced to less than 1 mg-P L -1 and 10 mg-N L -1 , respectively. The results verified that residual phosphorus and nitrogen in UASB-DHStreated water can be simultaneously removed by using the A 2 SBR, and the effluent water quality was comparable to that of other EBPR processes, even though our process involved no aeration.
Water quality profile in A 2 SBR Figure 3 shows the results of water quality profile measurements in the A 2 SBR. During the start-up period, no DPAO metabolism was observed on the 32nd day (data not shown). At the 86th day, 24 mg-COD L -1 remained at the end of the anaerobic conditions, while volatile fatty acids (VFAs) were completely consumed (Figure 3(a) ). A total of 7.1 mg-N L -1 and 1.67 mg-P L -1 of nitrate and phosphorus, respectively, remained at the end of the anoxic conditions. While some nitrate and phosphorus remained in the A 2 SBR effluent, typical DPAO activity, including phosphorus release and VFA consumption under anaerobic conditions and phosphorus uptake and denitrification under anoxic conditions, was observed on the 86th day (Figure 3(a) ). By the 128th day, at which point the operation was stable, up to 58 mg-P L -1 of phosphorus was released under anaerobic conditions, and its removal progressed slowly, reaching as low as 0.5 mg-P L -1 by the end of the anoxic conditions, indicating that the phosphorus emission and removal were sufficient. Similar emission and removal rate of phosphorus were also observed on the 243rd day, but the emission amount was lower than that observed at the 128th day, and the rate of removal for phosphorus was also slightly lower. We examined phosphate uptake activity of the A 2 SBR sludge on the 243rd day. The sludge exhibited a phosphate uptake rate of 22.5 mg-P g-volatile suspended solid (VSS) -1 h -1 and 14.0 mg-P g-VSS -1 h -1 under aerobic and anoxic conditions, respectively. This result showed that the system had sufficient DPAO activity and that denitrifying phosphorus removal worked well. In addition, the ratio of the anoxic phosphate uptake rate to the aerobic phosphate uptake rate was 0.62. This ratio is comparably high compared to that obtained using other denitrifying phosphorus removal processes ( 
Microbial community analysis of A 2 SBR sludge
The microbial community structure of the A 2 SBR sludge was investigated by using 16S rRNA gene-based massively parallel sequencing analysis. The sludge samples of days 0 (inoculum sludge), 31, 88, 151, 206, and 243 were subjected to analysis, and 27, 198-45, 158 sequences per samples were analyzed ( Table 2 ). The Good's coverage of each sample was above 0.88 at a cutoff level of a 3% sequence difference, which indicated that the sequences generated at this sequencing depth could accurately represent the microbial communities of the six A 2 SBR sludge samples. According to the Chao 1 non-parametric estimator and Shannon index, microbial diversity was decreased toward day 151.
These results indicated that A 2 SBR microbial communities were enriched. Phylogenetic analysis showed that Betaproteobacteria were dominant in all samples, except at day 206, followed by Bacteroidetes, Alphaproteobacteria, and Gammaproteobacteria ( Table 2) . The 'Ca. Accumulibacter phosphatis' related sequence was not detected on the inoculated sludge; however, after the A 2 SBR operation, 'Ca. Accumulibacter phosphatis' was detected up to a level of 5.2% on day 243. The detection ratio was lower than that observed in the FISH analysis using PAOmix probe (Figure 2 ). This type of discrepancy between sequencing data and FISH analysis has been previously reported and is not limited to the case of 'Ca. Accumulibacter phosphatis' but also applies to other GAO phenotype in assimilating acetate and synthesizing poly-β-hydroxyalkanoates, but do not show polyphosphate accumulation (Ahn et al. ) . In addition, denitrifying bacteria of Thauera spp. were also detected in the range of 0.1-1.4% in the sequencing analysis. The 'Ca. Accumulibacter' lineage comprises two major phylogenetic groups (types I and II) using the phylogeny of the ppk1 gene, and each group consists of several subgroups (He et al. ; Peterson et al. ) . In addition, several studies reported that phylogenetic grouping based on ppk1 gene sequence was related to the nitrate reduction ability of the 'Ca. Accumulibacter' lineage (Flowers et al. ; Oehmen et al. ) . Therefore, the community structure of the 'Ca. Accumulibacter' lineage in the A 2 SBR was characterized by using the ppk1 gene sequence and the results are shown in Figure 4 . Types IIA and IIB were dominant in the inoculum sludge. As the reactor operation progressed, type IIC became detectable, although types IIA and IIB were still the dominant phylotypes. McMahon et al. () reported that micro-organisms of type I ppk1 are comparatively rare at full scale, and no ppk1 gene sequence affiliated to type I was retrieved from the A 2 SBR in this study. The A 2 SBR used in this study was not fullscale but rather used real sewage, which likely explains why type I ppk1 was not detected from the A 2 SBR. In addition, it was reported that the type of carbon source used can affect the cultivation of PAOs; the rod-morphotype 'Ca. Accumulibacter' type I dominated a propionate-fed reactor, whereas the coccus morphotype 'Ca. Accumulibacter' type II dominated an acetate-fed reactor (Carvalho et al. ; Oehmen et al. ) . Our results also agreed with these previous reports (Figure 4) .
Recently, it has been suggested that type I 'Ca. Accumulibacter' could use nitrate as an electron acceptor, while type II 'Ca. Accumulibacter' would not reduce nitrate (Carvalho et al. ; Flowers et al. ; Oehmen et al. ) . In addition, Kim et al. () reported that 'Ca. Accumulibacter', including not only type II but also type I, does not have nitrate reduction capabilities. Moreover, the phosphate uptake of 'Ca. Accumulibacter' was shown to be dependent on nitrite produced by nitrate-reducing bacteria such as Dechloromonas (Kim et al. ) . Dechloromonas spp. were highly detected from the A 2 SBR, and a small amount of nitrite was detected during the anoxic period of the A 2 SBR operation (Figure 3(c) ). Therefore, considering that the type II 'Ca. Accumulibacter' lineage that predominated in the A 2 SBR (Figure 4 ) lacks nitrate reduction ability, simultaneous denitrification, and phosphorus removal of the reactor could be achieved by collaboration between 'Ca.
Accumulibacter' and nitrate-reducing bacteria such as Dechloromonas spp.
CONCLUSIONS
The newly installed A 2 SBR showed good denitrification and phosphorus removal performance. The concentrations of total nitrogen and TP in A 2 SBR-treated water were 8.4 ± 3.4 mg-N L -1 and 0.9 ± 0.6 mg-P L -1 , respectively. The efficiencies of TP removal and total nitrogen removal for the entire UASB-DHS-A 2 SBR system were 78 ± 13% and 74 ± 12%, respectively. 16S rRNA gene-based sequence analysis and FISH analysis revealed that 'Ca. Accumulibacter phosphatis' was the dominant phosphate removal microorganism, whereas no competitive bacterium for PAOs such as 'Ca. Competibacter phosphatis' was detected. The ppk1 gene sequence analysis showed that the 'Ca. Accumulibacter' type II lineage was dominant in the A 2 SBR, and thus simultaneous denitrification and phosphorus removal in the A 2 SBR could be achieved by cooperative activity between 'Ca. Accumulibacter' and nitrate-reducing bacteria.
